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The properties of zeolite A change significantly upon sodium—calcium exchange. The impact of cation
composition on the temperature-induced phase transformations and energetics of Na—Ca exchanged
zeolite A was studied systematically using powder X-ray diffraction (XRD), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and high-temperature oxide melt solution calorimetry. As
the temperature increases, the structural evolution of each Na—Ca exchanged zeolite A sample under-
goes three distinct stages — dehydration, amorphization, and densification/recrystallization. Initially com-
plete dehydration does not result in framework degradation, but further heating leads to zeolite phase
degradation into other aluminosilicate phases. Both amorphization and recrystallization shift to higher
temperatures as the calcium content increases. On the other hand, the enthalpies of formation for the
high temperature aluminosilicate phases, the amorphous phase (AP) and the dense phase (DP), appear
to be a linear function of calcium content (average ionic potential) with diminishing of energetic stability
upon increasing the Ca content. 100% Na-A heated at 1200 °C has the most exothermic enthalpy of
formation from oxides (—65.87 £ 0.87 kJ mol™! — TO,), while 97.9% CaNa-A heated at 945 °C has the
least exothermic value (—=5.26 + 0.62 kJ mol™! — TO,). For different aluminosilicates with the same
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1. Introduction

Zeolites have well-defined framework structures and exchange-
able extra-framework cations. They usually feature a large
internal area/volume ratio as well as tunable aperture sizes.
These unique properties lay the foundation for their excellent
adsorption and catalytic properties. The development of inor-
ganic synthesis techniques in the last several decades has
brought us numerous synthetic zeolite structures, including
cation-exchanged analogues and modified forms, which have
been employed in a wide range of industrial applications,
including catalysis, ion exchange and selective adsorption.' ™
However, regardless of the details of the structure, zeolites
usually suffer from framework degradation at elevated tem-
peratures, at which the pores are destroyed, the three-
dimensional structures collapse, and either the amorphous
phase (AP) or the dense crystalline phase (DP) such as quartz
forms. Hence, the knowledge of the temperature-induced phase
transformation details is very important for optimizing zeolite
applications and avoiding permanent deactivation of catalysts
or decreased sorption capacity. On the other hand, zeolites may
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also serve as precursors in fabrication of novel dense solid state
materials such as glass, ceramics and electrolytes,>” in which
their versatile open structures offer great simplicity for uniform
compositional modification. This provides another motivation
for investigating the thermal and thermodynamic responses of
doped or precursor-filled zeolites upon heating.

Phase transformation of porous materials during heating
originates directly from their intrinsic metastability. Though
hydrated aluminosilicate zeolites are thermodynamically stable
at low temperatures, their dehydrated forms are generally
metastable with respect to dense phase mineral assemblages.
Therefore, running downhill in free energy, structural degrada-
tion involving amorphization, recrystallization and/or other
phase transitions is commonly observed, especially upon heat-
ing in air or under hydrothermal conditions.®** Moreover, the
charge-balancing cations bring additional degrees of freedom,
directing the formation of different phases at high tempera-
tures. Hence, understanding the underlying relationship
between the cation content, phase transformation, and ener-
getics of various intermediate and final products is very impor-
tant for optimizing the development and application of zeolites.

Thermal and thermodynamic stability and transformation of
zeolites have attracted extensive interest,’*** and the impact of
multiple factors has been investigated systematically.">® Other
than the framework topology, Si/Al ratio and type of thermal
treatment, it has been emphasized that the extra-framework
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Fig. 1 Crystal structures of zeolite Na-A (a), zeolite Ca-A (b), nepheline (c),
and anorthite (d). Tetrahedra represent AlO4 or SiOg4.

guest species, such as metal cations and/or H,O molecules, have
a significant impact on stability and phase evolution. The stable
phase assemblage at a given composition is determined by
thermodynamic equilibrium, while the transformation pathway
is governed by kinetic factors.

Due to its widespread applications in industrial processes
including separation, purification, acid catalysis and material
fabrication, zeolite A (see Fig. 1) receives special attention from
both scientific and engineering viewpoints."®*> Although
phase evolution of NaA upon heating has been investigated
by isothermal and non-isothermal methods,>** the phase
evolution and energetics of Ca-exchanged zeolite A as function
of calcium content and temperature have not been studied.
Here, we employ thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) to investigate the temperature
derived phase transition (up to 1200 °C) of a series of Na-Ca
exchanged zeolite A samples as a function of calcium content.
Energetics of the amorphous, intermediate and final dense
aluminosilicate phases were determined by high temperature
oxide melt solution calorimetry. We explore the complex com-
position-phase-energetics relationship as a function of tempera-
ture in order to better understand the thermodynamic driving
forces for the observed transformations.

2. Experimental methods

2.1. Material preparation

Synthetic zeolite Na-A (RM 8851) obtained from the National
Institute of Standards and Technology (NIST) was used as a
starting material. All zeolite CaNa-A samples were prepared by
calcium ion-exchange, in which 2.0 g of Na-A was suspended in
40 ml of CaCl, aqueous solution (0.05 to 0.25 M) and ion-exchanged
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under constant stirring at 80 °C for 24 hours. Then, the solid
product was separated by centrifugation and washed at least three
times with deionized water. The above ion-exchange procedure was
triplicated to maximize the degree of Ca-exchange. The solid
products were then dried at 120 °C overnight and equilibrated in
a tightly sealed desiccator with 33 4 2% relative humidity generated
from saturated aqueous MgCl, solution for at least two days.

2.2. Characterization

TGA-DSC was performed on a Netzsch STA 449 system. The
heating rate may have a great impact on the DSC curve. A faster
heating rate magnifies the thermal effects, yet can also bury the
kinetic details. According to our experimental experience on
numerous thermal analyses of zeolite materials, a moderate
heating rate is usually optimal. For the current case we use
10 K min~". A sample weighing about 20 mg was placed in a
platinum crucible and heated from room temperature to var-
ious final temperatures (905, 945 and 1200 °C) at 10 °C min ™"
under the argon flow (40 ml min~"). At the end of the heating
program, the samples were quenched under the argon flow.
Then the treated sample was collected for further structural
characterization and calorimetry.

The structure and phase evolution to different temperatures
was explored using powder X-ray diffraction (XRD) performed
on a Bruker-AXS D8 Advance X-ray diffractometer operated at
40 kV and 40 mA with Cu Ko radiation. Data were recorded from
5 to 60° (20) with a step size of 0.02° (1 s step™'). All the XRD
patterns were refined using Jade 6.0 and the ICSD database.

Chemical compositions were analyzed using a Cameca
SX-100 electron microprobe with a beam current of 10 nA and
an accelerating voltage of 15 kV. Eight points were measured at
various positions on each specimen. The sample homogeneity
was confirmed using backscattered electron imaging.

2.3. Calorimetry

High-temperature oxide melt solution calorimetry was per-
formed in a custom-built Tian-Calvet twin microcalorimeter.
The methodology has been described in detail by Navrotsky.>>¢
Molten lead borate (2PbO-B,0O;) at 704 °C was used as the
solvent. Prior to calorimetry, each sample was heated gradually
to 450 °C and degassed for 16 h under vacuum (10~* torr) on an
ASAP 2020 gas adsorption analyzer. This fully dehydrated sample
was hand-pressed into a pellet (about 5 mg) and dropped from
ambient temperature into the calorimeter containing the solvent
under the argon flow (100 ml min~"). The measurement was
repeated at least five times to ensure reproducibility. The calori-
meter was calibrated using the heat content of the corundum.

3. Results

3.1. Chemical composition

The chemical composition and molar mass (TO, basis) of
dehydrated and hydrated zeolite A samples are listed in
Table 1. All samples have an identical Si/Al ratio (1.03 £+ 0.01),
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Table 1 Chemical compositions of hydrated and dehydrated zeolites
Na-A and CaNa-A (on TO, basis)

MWhya MWgen

Sample Composition (g) (&

Na-A Nag_4g1Alo_403Si0.510021.014H,0 88.95 70.68
34.8% CaNa-A% Nag 200Ca0.00Alo.405510.51402-1.083H,0 89.38  69.87
44.5% CaNa-A® Nag 555Ca0.115Alp 401S10.50305-1.100H,0 90.34  70.53
63.0% CaNa-A® Nag 1g2Ca0 154Al0 408510.50402-1.140H,0 90.49  69.94
76.2% CaNa-A® Nag 151Ca0 103Al0 457510 50802 1.152H,0 90.68  69.92
97.9% CaNa-A® Nag, 011Cag 245Al0.457S10.50802-1.204H,0 91.30  69.60

“ The values in front of CaNa-A denote the degrees of calcium exchange
of CaNa-A samples.

which is very close to that (1.00) of the ideal zeolite A framework.
The degree of Ca-exchange ranges from 34.8 to 97.9%.

3.2. Thermogravimetric analysis and differential scanning
calorimetry (TG-DSC)

TGA profiles represent the dehydration process of hydrated
zeolite A samples. The number of water molecules per pseudo
unit cell (48 oxygen formula) is calculated from the weight loss
and plotted in Fig. 2. The exact water content per TO, unit is
listed in Table 1.

The DSC traces of all zeolite A samples are presented in
Fig. 3. Phase transformations take place at 800 up to 1200 °C.
Pure zeolite Na-A merely has a single exothermic peak at 898 °C.
However, three distinct exothermic heat events (883, 922 and
976 °C, labeled as Peak I, Peak II and Peak III, respectively, in
Table 2), which are consistent with those of nepheline (880, 920
and 990 °C),>” are observed for zeolite 34.8% CaNa-A. As the
calcium content continues to increase, Peak I sharpens and
shifts to higher temperatures (883 °C for 34.8% CaNa-A and
935 °C for 97.9% CaNa-A). On the other hand, Peak II shifts to a
fixed temperature (~980 °C) and becomes better resolved as
Peak III shifts to higher temperatures (991 °C for 44.5% CaNa-A
and 1017 °C for 76.2% CaNa-A). For the nearly fully exchanged
Ca-exchanged sample (97.9% CaNa-A), Peak II entirely merges
with Peak III, which then appears to be asymmetric, having a
shoulder on the lower temperature side. The magnitude of all

Na-A

30 - ——34.8% CaNa-A
——44.5% CaNa-A
——63.0% CaNa-A
——76.2% CaNa-A
204 ——97.9% CaNa-A

10

H20 molecules per pseudo cell

200 400 600 800 1000 1200
Temperature (°C)

Fig. 2 TGA traces of hydrated zeolites Na-A and CaNa-A.
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Fig. 3 DSC profiles of hydrated zeolites Na-A and CaNa-A. The exothermic
direction is shown by an arrow.

heat events was calculated by integration of each DSC peak
(see Table 2).

3.3. X-ray diffraction

The powder XRD patterns, including starting zeolite A materials
and post-thermal treatment phases, are presented in Fig. 4,
which illustrate the phase transformation details as function of
calcium content and temperature. According to the position of
DSC peaks, we collected XRD patterns of samples quenched
from 905, 945 and 1200 °C. Specifically, Na-A@905 has a low-
temperature carnegieite structure.'” 34.8% CaNa-A becomes
amorphous at 905 °C. All the other Ca-exchanged zeolites exhibit
structural collapse leading to the amorphous phase (AP) after
heating to 945 °C. After Peak I, 34.8% CaNa-A@945 is confirmed
to be carnegieite;>” here, we call it an intermediate phase (IP). All
samples transform into the dense phase (DP) upon heating to
1200 °C. XRD refinement suggests that Na-A@1200, 34.8% CaNa-
A@1200 and 97.9% CaNa-A@1200 are pure sodium nepheline
(Na-NEP), nepheline (NEP) and anorthite (ANO), respectively (see
Fig. 1). For the other three CaNa-A samples, heating results in
phase transformation and phase separation. Their corres-
ponding dense phases are mixtures of NEP and ANO. The
phase compositions (in mass fraction) are (68.3 + 0.3)% NEP +
(31.2 & 0.2)% ANO for 44.5% CaNa-A@1200, (47.7 & 0.2)% NEP +
(52.3 & 0.2)% ANO for 63.0% CaNa-A@1200 and (40.1 + 0.2)%
NEP + (59.9 £ 0.3)% ANO for 76.2% CaNa-A@1200. For samples
having more than 34.5% calcium, the intermediate phase assem-
blage cannot be separated for XRD analysis as Peaks II and III are
very close in temperature.

3.4. High-temperature oxide melt drop solution calorimetry

Using the thermodynamic cycles in Table 3, the enthalpy of
formation (at 25 °C) of each phase from constituent oxides (AH y)
was calculated from the drop solution enthalpy of the dehydrated
sample (AHggqen)- AHgs values of constituent oxides used for the
thermodynamic calculation are listed in Table 4. The calculated
enthalpies of formation from oxides are presented in Table 5. The
enthalpies of formation of anhydrous zeolites (AZ) are also listed
in Table 5 for comparison.”® For samples with the same
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Table 2 Positions of exothermic peaks and heat of phase transition from integration of DSC exothermic peaks (see Fig. 3)
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Tmax (CC) AHima (k] mol’l)

Sample Peak I Peak II Peak III Peak I Peak II Peak III

Na-A N/A N/A 898.0 N/A N/A —~10.65 + 0.47 (3)°
34.8% CaNa-A 883.0 922.4 976.4 —3.88 + 0.30 (4)° —7.69 + 0.33 (4)° —-8.21 + 0.37 (3)°
44.5% CaNa-A 891.5 979.5 990.5 —6.56 + 0.65 (3)° N/A —-19.75 + 0.57 (3)°
63.0% CaNa-A 901.2 978.2 1010.2 —6.95 + 1.13 (3)° N/A —20.43 + 1.23 (3)°
76.2% CaNa-A 905.2 980.2 1017.2 —9.11 (1)° N/A —25.58 (1)

97.9% CaNa-A 934.6 N/A 1020.6 —12.04 (2)° N/A —25.67 (2)°

“ Integrated heats of phase transition. ” The values in parentheses denote the number of measurements.

//a:Na-A@SOS b:Na-A@1200 c:34.8%CaNa-A@905
// d:34.8%CaNa-A@945 e:34.8%CaNa-A@1200
/ :44.5%CaNa- 9:44.5%CaNa- -
/ :44.5%CaNa-A@945 44.5% CaNa-A@1200
/ %CaNa-A@94 i:63.0% CaNa-A@1200 ‘5
// 1:76.2%CaNa-A@945 k:76.2%CaNa-A@1200 o
// 1:97.9% CaNa-A@945 m:97.9%CaNa-A@1200 %
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/
/
}
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Fig. 4 XRD patterns of amorphous phases (AP), intermediate phases (IP),
and dense phases (DP) of Na—Ca exchanged zeolite A.

composition, the enthalpies of formation of amorphous phases
(AP) are less exothermic than those of dense phases (DP). The
enthalpies of formation of both the AP and the DP become less
exothermic as the degree of Ca-exchange increases. The dense
phase Na-A@1200 has the most exothermic enthalpy of for-
mation of —65.87 + 0.87 k] mol! - TO, while the amorphous
phase 97.9% CaNa-A@945 presents the least exothermic value,
—5.26 + 0.62 k] mol™' - TO,. Na-A@905 has a very similar
enthalpy of formation (—64.71 £ 0.93 k] mol ™" - TO,) to that of

Na-A@1200, which corresponds to the DSC profile which shows
no detectable thermal events in the transition from carnegieite
(IP) to nepheline (DP). In addition, the enthalpies of formation
of Na-A@1200 (—65.87 + 0.87 k] mol " - TO,) and 97.9% CaNa-
A@1200 (—23.08 & 0.64 k] mol " - TO,) are in good accordance
with previously reported enthalpies of formation of pure
sodium nepheline (—67.20 £ 2.04 k] mol™' - TO,) and
anorthite (—25.45 £ 0.79 k] mol™' - TO,).>® Such similarity
strongly supports our phase identification from structural
refinement. The slight variation in enthalpy may originate from
small compositional differences.

4. Discussion

In practical applications, the thermodynamic properties of
zeolites at high temperatures are needed for optimizing perfor-
mance. The present work demonstrates the possible composi-
tional and structural transitions that zeolites may undergo
during heating. In particular, the changes in Na-Ca exchanged
zeolite A occur in three distinct steps as a function of tempera-
ture: dehydration, amorphization, and recrystallization to the
dense phase.” Previous studies suggest that the phase transi-
tion can be significantly impacted by the chemical composition
of zeolite A, both the degree of Al substitution and the cation
type/content."”*” With the identical Al content for all samples,
our study highlights the dominant role of Na-Ca substitution.

Table 3 Thermodynamic cycles for enthalpies of formation of dehydrated Na—Ca exchanged aluminosilicates from oxides. AH; and AHg are the drop

solution enthalpies of Na—Ca exchanged aluminosilicates; AH,, AH3, AH,4
enthalpies of formation of aluminosilicates from oxides

, and AH> are the drop solution enthalpies of oxides; AHs and AHg are the

Enthalpy of formation of sodium aluminosilicates

x/2Na,O (soln., 704 °C) + y/2Al,0; (soln., 704 °C) + zSiO, (soln., 704 °C)

— Na,AlSi,0; (s, 25 °C) AH; = AHgs.den

Na,O (s, 25 °C) » Na,O (soln., 704 °C) AH,
ALO; (s, 25 °C) — Al,O; (soln., 704 °C) AH;
SiO, (s, 25 °C) — SiO, (soln., 704 °C) AH,
x/2Na,0 (s, 25 °C) + y/2A1,05 (s, 25 °C) + 28i0, (s, 25 °C) — Na,Al,Si,0, (s, 25 °C) AH; = AHg geh,ox

AH5 = AH, + x/2AH, + y/2AH; + zAH,

Enthalpy of formation of Na-Ca exchanged aluminosilicates

a/2Na,O (soln., 704 °C) + bCaO (soln., 704 °C) + ¢/2Al,0; (soln., 704 °C) + dSiO, (soln., 704 °C) — Na,Ca,AlSi 0, (s, 25 °C) AHg = AHgs gen

Na,O (s, 25 °C) — Na,O (soln., 704 °C)

ALO; (s, 25 °C) — Al,O; (soln., 704 °C)

SiO, (s, 25 °C) — SiO, (soln., 704 °C)

CaoO (s, 25 °C) - CaoO (soln., 704 °C)

a/2Na,0 (s, 25 °C) + bCaO (s, 25 °C) + ¢/2Al,0; (s, 25 °C) + dSiO, (s, 25
AHg = AHg + al2AH, + ¢/2AH; + dAH, + bAH,
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Table 4 Drop solution enthalpies of constituent oxides in molten lead
borate at 704 °C (on the basis of mole TO,)

Sample AHg, (k] mol ™)
Sodium oxide (Na,0) —113.10 + 0.83¢
Calcium oxide (CaO) —17.49 £ 1.21°
Corundum (Al,03) —107.93 + 0.98¢
Quartz (Si0,) 39.13 £ 0.32¢

“ Ref. 34.

Table 5 Enthalpies of drop solution and formation (25 °C) of AZ, AP, IP,
and DP of Na—Ca exchanged aluminosilicates (on mole TO, basis)

Sample AHgs gen® (k] mol ™) AHi " (k] mol ™)
Na-A —42.20 + 1.21¢
Na-A@905 83.98 + 0.86 (6)° —64.71 + 0.93
Na-A@1200 85.14 + 0.79 (5)° —65.87 + 0.87
34.8% CaNa-A —29.54 + 1.28¢
34.8% CaNa-A@905 61.40 + 0.67 (6)° —33.15 + 0.74
34.8% CaNa-A@945 69.48 + 0.70 (6)° —41.24 £+ 0.77
34.8% CaNa-A@1200 78.18 + 0.55 (5)° —49.93 + 0.64
44.5% CaNa-A —25.61 + 1.54¢
44.5% CaNa-A@945 57.87 + 0.61 (6)° —29.65 + 0.69
44.5% CaNa-A@1200 74.92 + 0.63 (5)° —46.70 + 0.71
63.0% CaNa-A —17.51 + 1.22¢
63.0% CaNa-A@945 52.14 + 0.37 (5)° —18.62 + 0.50
63.0% CaNa-A@1200 70.74 + 0.81 (6)° —37.22 + 0.87
76.2% CaNa-A —17.72 + 1.76%
76.2% CaNa-A@945 50.44 + 0.47 (5)° —14.30 + 0.58
76.2% CaNa-A@1200 69.45 + 0.63 (6)° —33.31 + 0.72
97.9% CaNa-A —5.94 + 1.64¢
97.9% CaNa-A@945 46.68 + 0.50 (5)° —5.26 + 0.62
97.9% CaNa-A@1200 64.51 + 0.53 (6)° —23.08 + 0.64

“ Drop solution enthalpy of samples. ” Enthalpy of formation of sam-
ples from oxides.  The values in parentheses denote the number of
measurements. ¢ Values of enthalpy of formation of dehydrated zeo-
lites are obtained from ref. 28.

The first event associated with heating these zeolites from
room temperature is dehydration. This process is endothermic
in enthalpy but positive in entropy because of the release of
gaseous H,O and it thus becomes favorable at high tempera-
ture. In the case of zeolite A, the dehydrated zeolite framework,
though metastable with respect to the dense phase, persists
over a large temperature range.

As the temperature approaches 900 °C, zeolite A loses its
long range order while preserving the short range order around
each tetrahedral atom (Al or Si). Particularly, the Al-O-Si
bridges break, followed by collapse of the framework into
disordered arrangements of tetrahedral building blocks (AlO,
or SiO,) that are still largely linked to form a more dense but
randomly distributed rings without the organized large pores
and channels characteristic of the initial zeolite structure.'” As
a result, the zeolite structure becomes amorphous. For 34.8%
CaNa-A the amorphization takes place at slightly below 900 °C
(Peak I in Fig. 3 and Table 2). It then shifts to higher tempera-
tures (up to 935 °C for 97.9% CaNa-A) as the mole fraction of
calcium or average ionic potential (Z/r, the ratio of the average
charge to the average radius of a mixture of ions) increases.
Similar order-disorder transitions are also observed in the
calcination of the as-made, structural-directing agent (SDA)

This journal is © the Owner Societies 2015
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containing zeolites, in which removal of the embedded SDA
may lead to framework amorphization.*® Although the kinetic
details of these two types of amorphization vary, they all high-
light the intrinsic metastability of anhydrous and SDA free
zeolites.

The final step for calcination of Na-Ca exchanged zeolite A is
densification/recrystallization. Overcoming the kinetic energy
barriers upon heating, the disordered tetrahedra reassemble
into new, more stable, dense crystalline aluminosilicates, as
supported by the enthalpy of formation data as well as previous
studies.”® Zeolites Na-A and Ca-A eventually transform into
nepheline and anorthite, respectively. All the other partially
Ca-exchanged zeolite A samples form mixtures of nepheline
and anorthite. The increase in phase transition temperature
with Ca-content is also observed in the densification process
(center of DSC peak III in Fig. 3). In addition, thermal treatment
of zeolite A may also lead to the intermediate phase, such as the
carnegieite structures observed for Na-A@905 and CaNa-
A@945. Interestingly, unlike zeolite Ca-A, either DSC (Fig. 3)
or XRD (Fig. 4) indicates the corresponding AP formation
detected during thermal treatment of zeolite Na-A. A similar
result has been reported previously.'” This implies that the
enthalpy of such transitions is small, as supported by the
enthalpy of formation data for different phases (see Fig. 5).
Moreover, the energetics also demonstrates a well-defined
example of the Ostwald step rule, showing that the least stable
phase (AP or IP) nearest to the original phase, AZ, usually
appears ahead of the energetically most stable phase (DP), as
seen in both solution systems®' and natural mineralogical
environments.*

The enthalpies of formation for the AP and the DP become
less exothermic as the average ionic potential or calcium
content increases (see Fig. 5), suggesting similar effects of ion

Average ionic potential (Z1 [A'1]
. 1.8 2.1

(9.9 1.2 1.5
~ O Az T T T P
g AP=—.
8 O @905°C = o
1 204 0 @945 °c a- E )\«\o\'
S O e’ _ga - o% _H
£ AZas = IDH'E;’ a
3, 404 -~ peO -
o s =
N g
X -60 <o DP  AH,y. o= -78.55 +35.84%(Zn
g = AH, o owc = 94.67 + 45.05(2 1)
< 80 AH, gy e = -109.90 + 43.434(21)
0.00 025 050 0.75 1.00
Ca/(Ca+2Na)

Fig. 5 Enthalpies of formation from binary oxides of AZ, AP, IP, and DP of
Na—Ca exchanged zeolite A from oxides (per mole TO,) versus the mole
fraction of calcium and average ionic potential. Points denote the
measured results and dashed lines show the linear fitting. AH¢az.0x.25°C.
AHt-ap.ox,25:c and AHs pp ox 25°c are the enthalpies of formation of the AZ,
AP and DP relative to constituent oxides at 25 °C. AHy.n, is the enthalpy for
the phase transition from the AP to the DP.
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exchange on the overall energetics of both classes of alumino-
silicate phases. Similar compositional dependence is also
found in previous studies on a variety of anhydrous alumino-
silicates.>®* These systematic trends suggest that the complex
energetics of zeolite and their amorphous and dense phase
products are governed primarily by the fundamental acid-base
chemistry of ternary oxide formation. Specifically, the substitu-
tion of Si'" with AI** and charge-compensating cations in
zeolite structures (Si*" = AI>* + 1/z M*, in our case, M** = Na*
or Ca®") depends on the basicity of the extra-framework cation.
The enthalpy of formation becomes more exothermic as the
basicity increases or the average ionic potential of the guest
cation decreases. Such effects are observed not only for the
zeolitic structures, but also for the amorphous and dense
phases. The slopes of the variation of AH ., with the Ca content
for the AP and the DP are nearly the same. For samples with the
same composition, the AP has less exothermic enthalpies of
formation than the DP, with a nearly constant difference of
about 18 kJ mol™! - TO,. Such intrinisic differences in ener-
getics provide the thermodynamic driving force for structural
evolution of Na-Ca exchanged zeolite A during heating.

5. Conclusions

Zeolites CaNa-A with calcium contents ranging from 0 to 97.9%
were prepared and their energetics of phase transformation were
investigated using XRD, TG-DSC and high-temperature oxide melt
solution calorimetry. Several different stages of structural evolution
as function of degree of Ca-exchange and temperature were seen:
dehydration, amorphization, and densification/recrystallization.
The temperature for both amorphization and densification/recrys-
tallization increases as the calcium content increases. The enthal-
pies of formation from binary oxides of the dehydrated zeolites,
and amorphous and dense aluminosilicates are all exothermic. For
each phase, the enthalpy of formation tends to be less exothermic
monotonically as the mole fraction of calcium or average ionic
potential increases, showing decreased stability. For samples with
the same chemical composition, their enthalpies of formation
become more exothermic in the following sequence of anhydrous
zeolite (AZ), the amorphous phase (AP) and the dense phase (DP),
indicating increasing thermodynamic stability and providing the
thermodynamic driving force for the transformations.
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